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LANDMARK ORBITAL NAVIGATION PLAN FOR APOLLO 7 

By Richard E. Eckelkamp 

SUMMARY 

This report  presents  t h e  nominal navigation plan f o r  o r b i t a l  
navigation f o r  Apollo 7. 
t h e  times f o r  vector  and schedule uplinks,  and t h e  erasable  weighting 
s t r u c t u r e  load. 

Included are the  landmark s ight ing  schedule, 

INTRODUCTION 

One of t h e  t e s t  object ives  of t h e  Apollo 7 mission (Mission C ,  
o r  AS-205/CSM-101) i s  t o  exercise  t h e  procedures and programs of a new 
space-navigational method, landmark s ight ing ,  and t o  evaluate  i t s  
po ten t i a l .  This method i s  capable of determining both t h e  coordinates 
of t h e  landing s i t e  and t h e  o r b i t  of t h e  CSM during t h e  lunar  missions. 

Basical ly ,  telescope o r  sextant s ight ings on landmarks are processed 
through a s t a t i s t i c a l  f i l t e r  i n  order t o  correct  t h e  command module 
computer's ( C M C ' s )  state vector  for t h e  command and serv ice  modules (CSM) 
o r  a landmark, or both.  A s  current ly  planned, during t h e  f irst  lunar  
landing mission t h i s  o r b i t a l  navigation method w i l l  be used f o r  landing 
s i t e  determination i n  t h e  landmark o r  landing s i t e  mode, i . e . ,  t h e  up- 
da t ing  matrix w i l l  be a 3 x 3 and w i l l  update t h e  coordinates of  t h e  
landmarks only. This procedure determines the  landing s i te  pos i t ion  
r e l a t i v e  t o  t h e  CSM-LM o r b i t  and/or t ransmits  t h e  mark data by te lemetry 
t o  t h e  ground processor without a f fec t ing  t h e  vehic le  pos i t i on  and ve loc i ty  
po r t ion  of t h e  s ta te  vec tor .  Two days of o r b i t a l  navigation a r e  planned 
f o r  Apollo 7. 
t h e  9 x 9 mode. This order i s  preferred because 

On day 3, t h e  3 x 3 mode w i l l  be exercised; on day 6,  

1. The astronant  w i l l  be aided by t h e  auto-optics being more 
accura te  f o r  3 x 3 navigation since updates are provided by MSFN. 

2. More unknown landmarks m u s t  be used at t h e  beginning of s igh t ing  
passes on day 3, a condition which i s  detr imental  t o  9 x 9 navigation 
and ind i f f e ren t  fo r  3 x 3. 
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3. 3 x 3 is  the  planned method for  lunar  mission use and should 
be given preference i n  t h e  sequencing of  t e s t s  i n  t h e  event t h a t  fuel 
cons t ra in ts  o r  t h e  premature termination of t h e  mission prevent t he  
day 6 exercise .  

SELECTION OF A NAVIGATION PLAN 

Since t h e  primary purpose of landmark s ight ings  during Apollo 7 i s  
t o  provide data  f o r  pos t f l i gh t  evaluation of t h e  method as a navigational 
t o o l ,  it i s  necessary t h a t  t h e  onboard s t a t e  vector  and o ther  per t inent  
da ta  be downlinked. This requirement plus the  requirement f o r  accurate  
RTCC s t a t e  vectors fo r  pos t f l i gh t  analysis  i nd ica t e  t h e  need f o r  m a x i m u m  
MSFN coverage. Without t h i s  coverage no comparison would e x i s t  f o r  t h e  
command module computer (CMC) vectors .  Secondly, use of t h e  recorder 
presents  da t a  l imi ta t ions  due t o  t h e  speed of readout over a s t a t i o n .  

Accordingly, the  majority of s ight ings m u s t  be made during t h e  
passes over the  United S t a t e s  , Mexico, and Central  America. Only those 
o r b i t s  during which t h e  crew t imel ine and ground coverage were optimal 
were invest igated.  Maneuvers and some o ther  t e s t  ob jec t ives  a l so  re- 
qui re  optimal coverage. With these  considerations o r b i t a l  navigation 
w i l l  occur on days 3 and 6 ( r e f .  1). It should be noted t h a t  , i f  during 
real-time mission planning, o r b i t a l  navigation should be moved t o  
another day, i ts  exercise  s t i l l  demands optimal MSF'N passes f o r  success. 

Select ion of a Sighting Schedule 

To determine the  a v a i l a b i l i t y  of landmarks during t h e  optimal 
passes ,  an ephemeris of t he  CSM w a s  f i r s t  generated from t h e  Apollo 7 
operat ional  t r a j ec to ry  ( r e f .  2 ) .  The i n i t i a l  vectors  ( i n  t h e  nearest  
Besselian year coordinate system) f o r  t h e  ephemeris were 

I 

Dw 6 Day 3 

X ,  ft . . 21543591. x, ft . . 21657322. 

Y, ft . . -2615935. Y, ft . . 2246621. 

Z, f't . . 1001103. z, ft . . -1249560. 

i, fps  . 1811. i, f p s  . -1598 

?, f p s  . 21716. i, f p s  . 21602. 
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Dw 6 

i, rps . 13110. 

t . . . .  

Day 3 

i, f'ps . 13246. 

8557.9481 min g.e . t .  t . . . . 4374.0918 min g.e.t.  

The vehicle  a rea  was taken t o  129.4 ft2, and the drag parameter, 
0.137798 ft2/slug. 
landmarks were v i s ib l e .  
following sec t ions .  

A t  designated times a check w a s  made t o  see  i f  any 
Contraints on the check are  discussed i n  the  

Occultation Constraint--  A necessary property of a usable landmark 
(see i l l u s t r a t i o n  below) i s  tha t  it not be occulted by t h e  horizon. 

Let F, = the  vector from t h e  center  of t he  earth t o  t h e  top  of the  

landmark. 
- 

L lL = a uni t  vector  pointing along F 

- 
r = the  vector from the center  of the  earth t o  the  CSM C 
- 
lc = a un i t  vector  pointing along (F - Fc) L 
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N o w ,  using t h e  de f in i t i on  of t h e  dot product,  

- 
COS e = - ic iL 

From resu l t s  of t h e  Gemini program, 8 m u s t  be l e s s  than 55’, i f  a 
landmark i s  t o  be perceived. 
value of 8. Since i t s  value i s  c r i t i c a l  f o r  m e 1  calculat ions during 
landing s i t e  observations i n  lunar  o r b i t ,  8 should be t e s t e d  during an 
ea r th  o r b i t  mission. 

Some disagreement exis ts ,  however, on t h e  

Lighting Constraint.- Most c r i t i c a l  among t h e  cons t ra in ts  t o  be 
t e s t e d  on Apollo 7 i s  l i gh t ing .  The sun elevat ion angle at a given 
landmark d i i e c t l y  a f f ec t s  whether it can be dis t inguished from t h e  
surrounding features .  
much meaningful information can be derived f’rom Apollo 7 which w i l l  
be usefu l  f o r  lunar s ight ing .  Albedo e f f e c t s  on the  moon a r e  secondary 
t o  those of sun elevat ion angle. The value for  t he  minimum e leva t ion  
angle a f f e c t s  t h e  sequencing of landmark and landing-site s igh t ings  and 
possibly introduces cons t ra in ts  on t h e  lunar  launch window. 

Despite t h e  presence of an atmosphere on ea r th ,  

I 

Weather Constraint. - Cloud coverage w i l l  probably occul t  many 
otherwise acceptable landmarks. 
coverage w i l l  be ava i lab le  through t h e  MSC Weather Bureau and w i l l  be 
based on loca l  forecast  and weather repor t s ,  s a t e l l i t e  data, and a i rp lane  
p i l o t  repor t s .  For s e l ec t ion  of t h e  premission nominal p lan ,  results 
of cloud coverage probabi l i ty  s tud ies  were used when avai lable .  
landmarks were provided when ava i lab le  f o r  meas  with highly probable 
cloud coverage. 

During r e a l  t ime,  information on cloud 

Al te rna te  

The Sighting Schedule.- Table I indica tes  t h e  v i e w  periods f o r  t h e  
ava i lab le  landmarks. Landmark numbers ( r e f .  3) a r e  i n  t h e  left-hand 
column. Time of acquis i t ion ,  accurate t o  t h e  nearest  7.5 seconds i s  
given i n  the  second column. 
t h e  landmarks were checked again. 
i n  t h e  previous discussion apears. 
e as t w a r  d . 

A t  succeeding increments of 7.5 seconds, 
If vis ible ,  a number represent ing e 

A pass i s  measured from 90’E longitude 

Table I1 presents  the  nominal Apollo 7 s igh t ing  schedule. Alternate  
landmarks i n  the general  area of t h e  primary ones are given i n  t h e  
right-hand column. The landmarks se l ec t ed  were chosen because they 
could be eas i ly  dis t inguished ( r e f .  4 ) .  
t o  recognize were r e j ec t ed  o r  chosen as a l t e rna te s  and ind ica ted  with 
a footnote.  Unknown landmarks were se lec ted  a t  convenient times when 

Those which might be d i f f i c u l t  
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t h e  CSM groundtrack w a s  void o f  known landmarks and w a s  over land. 

Update and Alignment Times 

The times f o r  ground upl ink fo r  t h e  state vector and landmark 
schedule (which w i l l  be discussed below) are contained i n  table 111. 
Realignment of t h e  IMU must occur p r i o r  t o  each s ight ing  pass.  This 
procedure prevents t he  in se r t ion  o f  l a rge  IMU e r ro r s  i n t o  t h e  observation 
da ta ,  an occurrance which would ser iously a f f e c t  t h e  usefulness of t h e  
da t a  f o r  pos t f l i gh t  evaluation. 
be uplinked only before t h e  f i r s t  pass.  
voice checked through use o f  CMC program P21 o r  DSKY display of t h e  
erasable  c e l l s  containing t h e  vector. The l a t t e r  procedure allows t h e  
astronaut  t o  record t h e  vector f o r  possible  use i f  a MSFN vector i s  
needed f o r  some contingency. 
but not mandatory t o  u p l i n k t h e  s t a t e  vector before t h e  second and 
t h i r d  passes i f  t h e  uplink does not i n t e r f e r e  with t h e  IMU realignment. 
If t h e  uplink i n t e r f e r e s ,  it should be omitted. 

For both days, t h e  state vector need 
The vector  uplink should be 

For 3 x 3 navigation, it i s  des i r ab le ,  

Weighting Structure  Load 

Table I V  contains the  values f o r  the  i n i t i a l  W matrix t o  be used 
fo r  3 x 3 and 9 x 9 navigation. The values f o r  3 x 3 w i l l  be loaded 
premission. Sometime a f t e r  t h e  3 x 3 tracking and before the  9 x 9 
t rack ing ,  t h e  values f o r  9 x 9 must be punched i n t o  the erasable  memory 
by t h e  astronaut and verif 'ied by the f l i g h t  cont ro l le r .  
describing t h e  se lec t ion  of t h e  weighting s t ruc tu re  load w i l l  be 
published. ) 

( A  document 

Operational Constraints 

When processing landmark data  ( a f t e r  taking marks) while over an 
area without continuous MSFN coverage, t h e  recorder m u s t  be turned on. 
Since t h e  low-bit mode i s  advantageous f o r  fast readout,  it should 
be used. 
downlink l i s t  is  scanned only every 10 seconds. 
t h e  recorder while processing marks, it i s  e s s e n t i a l  t o  allow the  
d e l t a  r - d e l t a  v display t o  remain on t h e  DSKY f o r  a l e a s t  a f r ac t ion  
over 10 seconds. This i s  the only way t h a t  t h e  da ta  f o r  the  p a r t i c u l a r  
mark can be recorded for future  s tudies .  For high-bit r a t e  or f o r  
processing over t racking s t a t ions ,  the d e l t a  r - delta v display must 
remain on t h e  DSKY fo r  a f r ac t ion  Over 2 seconds. 

One disadvantage of  the low-bit mode, however, i s  tha t  t he  
Therefore, when u t i l i z i n g  
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To a i d  i n  acquis i t ion  of landmarks, t h e  use of auto-optics posi t ion-  
ing  i s  avai lable .  Updating o f t h e  CSM vector  each pass  during 3 x 3 
navigation w i l l  a i d  auto-optics accuracy. During 9 x 9 navigation auto- 
op t ics  f o r  the f irst  landmark on t h e  second pass m a y  be inaccurate  due t o  
poor propagation. 
t i m e  should be devoted t o  the  use of auto-optics with various per turba t ions  
on t h e  s t a t e  vector.  

Later i n  the  mission, e .g . ,  on day 8 ,  9 ,  o r  10 ,  some 

Data Requirements 

Each landmark is  t o  be marked f i v e  t imes as t h e  CSM passes over it. 
A minimum of four d i s t i n c t  landmarks with f i v e  marks apiece a r e  required 
f o r  pos t f l i gh t  analysis .  If t h e  scheduled known landmarks are not 
v i s i b l e  due t o  cloud coverage o r  i n a b i l i t y  t o  acquire ,  o ther  known 
landmarks should be used. (Program P21 provides t h e  CSM groundtrack).  
I f  no known landmarks a re  ava i lab le ,  unknowns should be marked. P rac t i ce  
sessions before the  ac tua l  planned t h r e e  consecutive passes should be 
taken. 

CONCLUDING REMARKS 

The s ight ing schedule presented above w a s  labeled t h e  nominal 
Apollo 7 s ight ing schedule. During t h e  mission any changes from the  
groundtrack presented i n  t h e  operat ional  t r a j e c t o r y  a f f e c t  which land- 
marks may be v i s i b l e  t o  the  astronaut .  For example, with a 8 of 55' 
(discussed above) he m a y  see only 2 1/2' t o  3' on e i t h e r  s ide  of h i s  
groundtrack, depending on h i s  a l t i t u d e .  
landmarks w i l l  be covered by clouds. Thirdly,  t he  schedule needs t o  
be planned so t h a t  v i s i b i l i t y  cons t ra in ts  a re  t e s t ed .  (The l a t t e r  can 
possibly be done i n  p rac t i ce  sessions For these  reasons,  t h e  ac tua l  
landmark t racking schedule w i l l  be uplinked real-time t o  t h e  as t ronaut .  

Secondly, a number of  poss ib le  
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TABLE 111.- TIMES FOR GROUND UPLINK AND 

Ground 
s t a t i o n  

2 

Approgimate 
g.e. t .  , hr:min Event 

0 

HTV 71 : 50 S t a t e  vector update 
h m  time tagged t o  73 00 . 

Landmark schedule uplinked 

CRO, CNB 72:25 P52 IMU r e a l i g n  

* 
CRO 73 : 55 P52 IMU r ea l ign  

CRO 74 : 10 S t a t e  vec tor  update 
( opt ion& 1 

L 

CRO 75 :25 P52 IMU r ea l ign  

CRO, GWN 75 : 45 S t a t e  vec tor  update 
(op t iona l )  

- 
TEX 139 : 45 S t a t e  vec tor  update 

CRO 140 : 35 P5l  IMU or i en ta t ion  

HTV 1 4 1  : 20 Landmark schedule 
uplinked 

t 4 
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Ground 
s t a t i o n  

TABLE 111.- TIMES FOR GROUND UPLINK AND 

Appr oximat e a g .e . t . ,  hr:min Event 

t 

CRO 145 : 10 P52 IMU r ea l ign  
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TABLE IV. - WEIGHTING STRUCTURE LOADa 

(a) 3 x 3 Mode on t h e  t h i r d  day 

WORPOS, f t  . . . . . . . . . . . . . . . . . . . . .  
WORBEVEL, f t / s e c  . . . . . . . . . . . . . . . . . .  

0 

0 

Known landmark . . . . . . . . . . . . . . . . .  10 000 
Unknown landmark; hardwired . . . . . . . . . .  1 500 

(b) 9 x 9 Mode on t h e  s i x t h  day 

WORPOS, f't . . . . . . . . . . . . . . . . . . . . .  200 

WORBEVEL f t / s ec . . . . . . . . . . . . . . . . . .  0.2 . 
Known landmark . . . . . . . . . . . . . . . . .  500 
Unknown landmark; hardwired . . . . . . . . . .  1 500 

8wORPOS - i n i t i a l  value fo r  vehicle pos i t i on  por t ion  of W matrix 
WORBEVEL - i n i t i a l  value fo r  vehic le  ve loc i ty  por t ion  of W 

WLMK - i n i t i a l  value for landmark pos i t ion  por t ion  of W mat r ix  
matrix 
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